Typing of meticillin resistant Staphylococcus aureus (MRSA) by whole genome sequencing (WGS) is performed routinely in Copenhagen since January 2013. We describe the relatedness, based on WGS data and epidemiological data, of 341 MRSA isolates. These comprised all MRSA (n = 300) identified in Copenhagen in the first five months of 2013. Moreover, because MRSA of staphylococcal protein A (spa)-type 304 (t304), sequence type (ST) 6 had been associated with a continuous neonatal ward outbreak in Copenhagen starting in 2011, 41 t304 isolates collected in the city between 2010 and 2012 were also included. Isolates from 2013 found to be of t304, ST6 (n=14) were compared to the 41 earlier isolates. In the study, isolates of clonal complex (CC) 22 were examined in detail, as this CC has been shown to include the hospitalacquired epidemic MRSA (EMRSA-15) clone. Finally, all MRSA ST80 were also further analysed, as representatives of an important community-acquired MRSA in Europe. Overall the analysis identified 85 spa-types and 35 STs from 17 CCs. WGS confirmed the relatedness of epidemiologically linked t304 neonatal outbreak isolates. Several non-outbreak related patients had isolates closely related to the neonatal isolates suggesting unrecognised community chains of transmission and insufficient epidemiological data. Only four CC22 isolates were related to EMRSA-15. No community spread was observed among the 13 ST80 isolates. WGS successfully replaced conventional typing and added information to epidemiological surveillance. Creation of a MRSA database allows clustering of isolates based on single nucleotide polymorphism
Introduction
Whole genome sequencing (WGS) is expected to transform the practice of clinical microbiology and infection control [1, 2] . Advances in WGS technology and extended multiplexing on desktop-based WGS machines has reduced sequencing cost to approximately EUR 100 per genome. While detailed bioinformatics analysis remains a challenge, commercial software and webbased solutions are now available for performing multilocus sequence typing and screening for gene-based antibiotic resistance on the WGS data [3] .
The sequence-based typing method staphylococcal protein A (spa)-typing of meticillin-resistant Staphylococcus aureus (MRSA) has been performed since 2003 at the MRSA Knowledge Center, Department of Clinical Microbiology, at Hvidovre Hospital [4] . In January 2013, this Sanger sequencing method was replaced by WGS of all MRSA isolates and we routinely produce 24 full genomes twice a week. From WGS data, script-based bioinformatics programmes are used to identify mecA, mecC, nuc, ccr and PantonValentine leukocidin (PVL) genes as well as the arginine catabolic mobile element (ACME) genes (arcA to arcD). Bioinformatics is also used to determine direct repeat units (dru) types and multilocus sequence types (MLST). Furthermore, single nucleotide polymorphism (SNP) analysis is used routinely to compare relatedness of MRSA isolates.
In this study, the overall relatedness of all consecutive MRSA isolates from the first five months of 2013 (n = 300) in Copenhagen, Denmark, was assessed by SNP analysis. In addition, 41 isolates of spa-type (t) 304 (t304) from 2010 to 2012 were whole genome sequenced, and compared with 14 of the isolates from 2013, that were determined to be t304, ST6. A continuous outbreak has been caused by t304, ST6 in neonatal wards in Copenhagen since 2011, and the t304 isolates from prior to 2013 were included to study the t304, ST6 isolates both before and during the outbreak period in more detail. All clonal complex (CC) 22 isolates were selected for detailed analysis as this CC contains the globally important international hospitalacquired MRSA (HA-MRSA) clone epidemic MRSA-15 (EMRSA-15) [5] . Finally, all ST80 isolates (European clone) were described in more detail as representatives of an important community-acquired MRSA (CA-MRSA) in Europe [6] . 
Isolates and patient data
Each cultured isolate is immediately confirmed to be MRSA with an in-house multiplex real-time polymerase chain reaction (PCR) that can detect the presence of nuc, mecA and mecC (data not shown). In this study, a total of 341 MRSA-confirmed isolates were whole genome sequenced. Three-hundred consecutive isolates were collected between 1 January 2013 and 31 May 2013, while 41 isolates of t304, ST6 were collected in the period from 2010 to 2012. The latter 41 isolates were originally spa-typed by Sanger sequencing and were whole genome sequenced in 2013.
According to the national MRSA guidelines all patients seen in a hospital are asked for MRSA risk factors. These include hospitalisation abroad within the last six months, previous MRSA positivity, contact to a MRSA positive person and contact with pigs within the last six months. In our internal microbiology database, a case report form is generated for each patient. The report contains information on date of sampling, submitting hospital unit or general practitioner, sample site, known MRSA contacts, household relations and antibiogram of the isolate. Sample types were categorised as being either from infection or screening. Screening samples were from hospitalised patients having risk factors as mentioned above, household contacts of MRSA patients and/or outbreak investigations in hospitals and nursing homes.
Whole genome sequencing procedures
Each confirmed MRSA was whole genome sequenced on a MiSeq (Illumina, United States (US)). The current workload is a four-day set-up. DNA concentrations were normalised using a Qubit (Invitrogen, United Kingdom (UK)). Libraries were made with Nextera XT DNA sample preparation kit (Illumina, US), genomes multiplexed to 24 isolates per run and sequenced with 2 x 150 bp paired-end reads. For the detection of single nucleotide variants relative to the reference, we used a reference-based mapping approach via Stampy (Lunter G). Reads were mapped to a USA300 reference sequence (US300_TCH1516) using Stampy v1.0.11 with no BWA pre-mapping and an expected substitution rate of 0.01 [7] . Variants were called using SAMtools v0.1.12 mpileup command with options -M0 -Q30 -q30 -o40 -e20 -h100 -m2 -D -S. The genome was assembled using Velvet v1.0.11 [8] , with hash (kmer) size and coverage parameters optimised to give the highest number of bases in contigs with length greater than 1 kb. In cases were a spa-type could not be generated, WGS was repeated.
Staphylococcal protein A-types, sequence types and Panton-Valentine leukocidin genes
An additional script has been developed in-house to analyse MRSA genomes for mecA, mecC, nuc, ccr genes, spa-type, MLST, dru types and PVL. Spa-types and ST were called from the assembled contigs by comparison to the published types on the SpaServer [9] and the S. aureus MLST.net database [10] . A CC was assigned based on the MLST.net webpage. Each isolate was reported in the Laboratory Information System with confirmation of being an MRSA, spa-type, ST and presence or absence of PVL genes.
Figure 2
Unrooted neighbour joining tree of meticillin resistant Staphylococcus aureus isolates of staphylococcal protein A-type 304, sequence type 6, Copenhagen, Denmark, 2010-2013 (n=55)
The circle marks 49 isolates that include the 34 neonatal outbreak isolates and 15 isolates with between four and 36 single nucleotide polymorphisms (SNPs) to the closest neonatal isolates. These 49 isolates are further presented in Figure 3 . The length of the scale bar corresponds to 100 SNPs.
Phylogenetic analyses
Phylogenetic analyses were performed using a distance method, based on pairwise nucleotide sequence alignments for the S. aureus core genome, as defined by USA300, among all strains. Phylogeny was inferred by neighbour-joining analysis as implemented in SplitsTree v4.11.3 [11] . Tree drawing was managed with FigTree [12] .
Staphylococcal protein A-type 304 analysis
To illustrate the value of WGS in outbreak investigation 14 t304 isolates obtained in 2013 and 41 t304 isolates from 2010 to 2012 were sequenced. t304 has been associated with a neonatal intensive care unit outbreak spreading to several hospitals in Copenhagen mainly in 2011 and 2012. Both isolates from persons with and without known contact to the neonatal units were included. Epidemiological data for all persons were registered and compared with the findings in the SNP analysis.
Analysis of sequence type 80 and clonal complex 22 isolates
To study the import and spread of international well known MRSA clones, we analysed in depth CC22 isolates and their relationship to a representative of the international, HA-MRSA clone, EMRSA-15. The reference isolate ERR017169 of ST22-A2 was included as a quality control (QC) isolate for EMRSA-15 [5] . All CC22 isolates were also screened for a 1bp deletion in the ureC gene, an identifier of EMRSA-15 according to a recently published paper [5] . The European clone (ST80, PVL positive) was studied more in detail as a representative of a typical CA-MRSA. This clone is known to be very homogeneous and therefore a QC isolate was not included [13] . Epidemiological data for all persons were registered and the results of the analysis of these data were compared with the findings in the SNP analysis.
Figure 3
Unrooted neighbour joining tree of meticillin resistant Staphylococcus aureus isolates of staphylococcal protein A-type 304, sequence type 6, that were implicated in a neonatal outbreak (n=34) as well as closely related isolates (n=15), Copenhagen, Denmark, 2010-2013
The isolates depicted in the tree are those marked in Figure 2 . The numbers at the end of branches are the internal isolate numbers. The 34 isolates epidemiologically related to the neonatal outbreak are marked with asterisks (*). The length of the scale bar corresponds to five single nucleotide polymorphisms (SNPs). 
Results

Overall relatedness of the isolates
A total of 194 (57%) of the 341 isolates were obtained through MRSA screening (Table) . mecA was found in 337 isolates while four isolates contained mecC. Based on WGS, a spa-type could be assigned for all 341 isolates. Of these, 15 obtained a spa-type after repeating WGS. A ST was generated by our script in 334 of 341 isolates (98%). A lacking ST (7 isolates) was caused by a gene being in two contigs, the identification of a new allele, or a new combination of alleles leading to a novel ST not listed in the MLST database. Eighty-five spa-types and 35 STs as well as eight single locus variants were identified (Table) . Of the 334 isolates with a ST, 328 fell into 17 CCs. The CC for the remaining six isolates with an identified ST could not be determined using the MLST database.
Most of the 300 isolates from 2013 belonged to CC 8 (59 isolates), followed by CC5 (45 isolates) and CC30
(42 isolates). In the first five months of 2013, PVL genes were present in 117 of the 300 isolates (39%) and in 33 spa-types and 16 STs. Among the international well known MRSA clones, we found isolates that, based on spa-type, MLST/CC and PVL-positivity were similar to US300 (t008, ST8, PVL+; n=28), South-West Pacific clone (t019, ST30, PVL+; n=29), European clone (t044, ST80, PVL+; n=7), ST239 and EMRSA-15 (ST22; n=20). Only five of the 300 isolates belonged to the livestock associated ST398.
The neighbour joining tree of the 300 MRSA isolates from 2013 ( Figure 1 ) reveals a picture of high genetic diversity of MRSA in Copenhagen. Major clones (clades) are easily seen as clusters at the end of branches (Figure 1 ). The larger CCs are marked, as is the amount of PVL-positive isolates within these CCs. Within each CC further discrimination can be obtained by comparing the isolates in an unrooted neighbour joining tree through SNP calling. 
Staphylococcal protein A-type 304 analysis
Healthcare-associated MRSA outbreaks are rare in Denmark, and the only clusters identified as HA-MRSA were t304, ST6, PVL-negative, associated with a neonatal outbreak spreading in neonatal wards in the Capital Region (Figure 2 and Figure 3 ) and t024, ST8, PVL-negative, a clone that has been healthcare associated since 2003 [14] . t304, ST6 in neonates and their relatives were, apart from one case in February 2013, all identified either in the last seven months of 2011 (n = 7) or in 2012 (n = 26) . Comparing the 55 t304, ST6 isolates from Copenhagen in the period from 2010 to 2013, the epidemiologically related outbreak isolates (n = 34) were genetically closely related, having from 1 to 10 SNPs compared with the closest related outbreak isolates. t304 isolates from the same neonatal ward were in most cases even closer related with a maximum of five SNPs separating them. The t304 patients who were not epidemiologically related to the outbreak (n = 21), were in six cases clearly different from the outbreak strains with between 67 and more than 200 SNPs separating them from the outbreak strains. Seven isolates had between 11 to 36 SNPs compared with the closest related of the outbreak isolates, while eight isolates only had from four to ten SNPs ( Figure 2 and Figure 3 ).
Clonal complex 22 analysis
An expansion of the CC22 isolate tree is shown in Figure 4 and compared with a ST22 isolate representative of EMRSA-15 [5] . The 29 Danish CC22 isolates are diverse and include ten different spa-types. Ten of these isolates were from patients living in four different households. Based on SNP calling, the clusters of these isolates within households differed between 0 to 14 SNPs, while epidemiologically unrelated isolates differed at between 69 to 1,207 SNPs. PVL was found in ten of the 29 isolates (32%) including all t852, t4326, t11808 and one of eight t005 isolates. Four of the 29 isolates had the 1 bp deletion in ureC described as typical for EMRSA-15 and were the isolates closest related to the English prototype ST22 isolate ERR017169 based on SNP calling. These four patients had been hospitalised before the finding of MRSA, two of them in Italy and Spain and two in Denmark. Only one of the remaining 25 CC22 patients had been hospitalised before the finding of MRSA. Nineteen of the 29 patients were not of ethnic Danish origin, and one of the five ethnic Danes had recently travelled in India. We assume that most of these CC22 isolates were acquired through international travel.
Sequence type 80 analysis
A total of 13 isolates belonging to the European clone are presented in Figure 5 . They were all PVL-positive and represented four different spa-types of which t044 accounted for seven isolates. Two of the t044 isolates differing with 59 SNPs were from two persons living in a three-generation household. SNP analysis revealed that the 59 SNPs were dispersed throughout the genome, and could therefore not be explained by a single recombination event. The rest of the t044 isolates were from patients not epidemiologically related, and they differed with 130 to 365 SNPs. There were three t376 isolates, which were from a father and his
Figure 5
Unrooted neighbour joining tree of meticillin resistant Staphylococcus aureus isolates of sequence type 80 found in Copenhagen, Denmark, January-May 2013 (n=13) *Same household, 59 SNPs between the two isolates. **Father and two daughters.
SNPs: single nucleotide polymorphisms.
The staphylococcal protein A-type (t) of each isolate is displayed at the end of branches. The length of the scale bar corresponds to 100 SNPs. two daughters and which had a maximum of 10 SNPs between them. Two isolates of t1028 had only 17 SNPs between them, but we have not identified an epidemiological link between these patients.
Discussion
The emergence of predominantly CA-MRSA was first recognised in Denmark in 2003 [14] . Since 2003 the number of new MRSA patients in Copenhagen has increased 20-fold from 33 to 674 cases in 2012 [4] . The genetic diversity that was already seen in the first years of the MRSA epidemic has increased over the years, and in 2012, 142 different spa-types were found in Copenhagen (data not shown). This diversity is mainly related to travel and tourism e.g. cases where Danish families visit relatives in countries where MRSA is prevalent in the community, and acquisition in persons working with healthcare abroad [15] . The high diversity based on spa-types indicates a low level of endemic transmission, and could be further differentiated in this study, based on WGS. Cases imported through hospitalisation abroad are routinely found through screening of these patients when they are transferred to Danish hospitals. In general, MRSA is first isolated in clinical samples and subsequent ring screening usually identifies carriers in their households. However, there is an under-identification of MRSA as a number of patients have had recurrent skin and soft tissue infections before they are sampled. This means that some patients who only have a single infection or short-term carriage state and then clear MRSA are not identified.
Livestock associated MRSA, ST398, accounted for less than 2% of MRSA in Copenhagen, a capital city surrounded by a large suburban area with little livestock production. However, ST398 was the most common clone in the whole of Denmark in 2012 accounting for 232 of 1,556 isolates (15%), predominantly seen in regions with a large pig production [4] .
Two UK studies on neonatal MRSA outbreaks have confirmed the usefulness of WGS in outbreak investigations, and showed that the number of SNPs between outbreak related isolates were less than 15 [16, 17] , except in one case where a mutation in the mutS gene was explained as the reason for more divergence. Furthermore, Harris et al. [16] found additionally ten isolates that were initially not considered part of a particular outbreak, but were closely related to outbreak strains by WGS, and retrospective epidemiological links were found in most cases. In our study, WGS could confirm the relatedness between 34 t304 isolates that were epidemiologically related to the neonatal outbreak in Copenhagen. Six isolates were clearly different from the outbreak strains, and this was also consistent with patient data. Fifteen isolates, that were not considered outbreak-related based on epidemiological data, differed in eight cases with only four to 10 SNPs to the closest related outbreak strains, and in seven cases with 11 to 36 SNPs ( Figure 3 ). Since 11 of these 15 isolates were obtained in 2013, we hypothesise that a community transmission chain might exist, but that the epidemiological link between patients is missing. WGS seems promising in outbreak investigations, and might add information on the spread of outbreak clones outside the hospital setting, where the connection between patients is frequently not clear.
The CC22 isolates found were diverse and only four isolates were similar to the English prototype CC22, EMRSA-15. Two of these four isolates were imported from Spain and Italy. In 2012, t032, CC22 accounted for 89 isolates and was the fifth most common MRSA type in Denmark representing almost 6% of new MRSA cases [4] , but only seven of these 89 isolates were from the Capital Region [18] .
The typical CA-MRSA ST80 was only found in 13 patients in the five month period. There is evidence of repeated introduction of this clone into Denmark with only one case of possible community spread, t1028, based on the number of SNPs ( Figure 5 ). Although there is no consensus on how many SNPs define whether isolates are related or unrelated [19] , it was surprising that two household isolates of ST80 had as many as 59 SNPs between them. A closer look at this household revealed that this family of three generations immigrated to Denmark five years prior, and presumably have been MRSA carriers for many years. According to Holden et al. [5] , SNPs are estimated to occur in the core genome at a rate of 1.3 x 10 −6 substitutions per nucleotide per year or three to four SNPs per year. Based on the relatively few closely related isolates in our study, we wonder if we will have a congruent SNP evolution for all MRSA clones.
Our policy until the end of 2012 has been to spa-type all MRSA using differences in spa-types to delineate different clones e.g. t024 different from t008 [20] . However, when less common spa-types were observed the link to international clones was often not seen. For example, the rare t1133, ST1456, PVL-positive , with only 11 isolates in the SpaServer database, was not easily associated to the South-West Pacific clone (t019, ST30, PVL+) before the neighbour joining tree clustered them together. Currently, the spa-type, ST and absence/presence of PVL are routinely found from the laboratory information system. The cost of WGS is steadily going down and today it would be more expensive for us to perform traditional Sanger sequencing for spa-typing and MLST. Furthermore, the WGS platform is universally applicable and is now routinely used in other healthcare-associated outbreak investigations.
A disadvantage is the slower turnaround time in our WGS-setup before typing results can be delivered. WGS is run in batches of 24 isolates, typically twice weekly. This means that from the date of sample to a WGS typing result can be up to 12 days or 4-8 days after the isolate is received for WGS. The current MLST S. aureus database contains fewer isolates and types than the spa server database and this leads to a number of isolates only having six known alleles and one novel allele. In these cases our software calls all the STs with six matches, and we manually assign the ST as a single locus variant (SLV) of the most prevalent ST.
The data presented in this study show that after building up a local MRSA whole genome database, real time WGS gives additional information to the evolution and spread of MRSA. The method can be used to investigate outbreaks, but epidemiological data still need to be included. More insight into how to interpret the relatedness between isolates based on SNP analysis is needed as well as improved software designed for persons without bioinformatics skills.
